Introduction
The formulation of layered-media problems have traditionally been carried out in the spectral domain due to the availability of the Green's functions in closed forms [1, 2] .
Recently, a series of techniques have been developed to ohtain closed-form Green's functions (CFGFs) for layered media in the spatial domain [3, 4] . The use of the CFGFs in a method-of-moments (h,IOX/l) formulation reduces the matrix-filling time by several orders of magnitude compared to the spectral-domain formulat,ion. However, it does not reduce Che computational complexities of the matrix-filling time and the memory requirement, which are both 0(N2). Most importantly, despite the great savings in the matrix-filling time, the solution of the N x N dense matrix equation remains, which requires 0(N3) operations in a direct scheme or O ( N 2 ) operations per iteration in an iterative scheme.
On another front, several researchers are working to reduce the computational complexities and the memory requirements of the solution of integral equations of electromagnetics. For the iterative solutions of the integral equations based on the Helmholtz equation, the fast multipole method (FMM). which has O(N3/') complexity per iteration, has recently attracted attention [5,G] . The FhlM employs a lmrmonic expansion of the closed-form Green's function and has been limited to the homogeneous-medium problems so far. By obtaining a closed-form expression for the spatial-domain Green's function for an arbitrarily layered medium and by interpreting each term of the expression as a discrete complex image, we have been able to apply the FMM to the solution of layered-media problems. Thus, we have obtained a fast solution technique for the layeredmedia problems and extended the applicability of the FMM from homogeneous-medium problems to layered-medium problems.
Fast Multipole Method in a Layered Medium
The y-directed electric field at point p = ix + i s due to a y-directed line source with unit amplitude located at point p' = 2x' + ix' is given by where RTE is the generalized reflection coefficient defined at the z = 0 plane due to an arbitrarily layered substrate below this plane. we need to use addition theorems for wave functions with complex arguments. With the DCI interpretation, an equivalent problem is set up in a homogeneous medium. In this equivalent problem, which is illustrated in Fig. l(b) , !VI image sources in a homogeneous medium are defined corresponding to each original source in the layeredmedium problem [ Fig. l(a) The computation of the fields of N(N1+ 1) basis functions on the N testing functions is carried out using the FMM and repeated several times in an iterative scheme. Since N I is a constant, this specific implementation of the FMM for layered-media problems has O( N3I2) computational complexity per iteration and O( N3/') memory requirement as its homogeneous-medium counterpart. 
Coinputational Results
111 ordcr to dcinonstrat,e the accuracy and the efficiency of the layered-media implemena series of structures (as illustrated in Fig. 2) , t.o which the method can Ix applied. have been designed. Common to all these structures is an irregular, finite and planar array of strips, which ha.s an overall extent of 1.5X0, as shown in Fig. 2(a) . The same array is placed XO/100 away from a conducting plane in Fig. 2(b) 
Conclusions
The applicability of the FMM has been extended to layered-media problems. As an example, we have demonstrated the solution of the scalar Helmholtz equation for the electromagnetic scattering from a two-dimensional planar array of horizontal strips on a layered substrate.
